93(2):586-599. https://doi.org/10.1172/JCI117011. SCID mouse tibialis anterior muscles were first irradiated to prevent regeneration by host myoblasts and injected with notexin to damage the muscle fibers and trigger regeneration. The muscles were then injected with roughly 5 million human myoblasts. 1 mo later, 16-33% of the normal number of muscle fibers were present in the injected muscle, because of incomplete regeneration. However, > 90% of these muscle fibers contained human dystrophin. Some newly formed muscle fibers had an accumulation of human dystrophin and desmin on a part of their membrane. Such accumulations have been demonstrated at neuromuscular junctions before suggesting that the new muscle fibers are innervated and functional. The same pool of clones of human myoblasts produced only < or = 4% of muscle fibers containing human dystrophin when injected in nude mice muscles. Several of the human myoblasts did not fuse and remained in interstitial space or tightly associated with muscle fibers suggesting that some of them have formed satellite cells. Moreover, cultures of 98% pure human myoblasts were obtained from transplanted SCID muscles. In some mice where the muscle regeneration was not complete, the muscle fibers containing human dystrophin also expressed uniformly HLA class 1, confirming that the fibers are of human origin. The presence of hybrid muscle fibers containing human dystrophin and mouse MHC was also demonstrated following transplantation.
Introduction
Duchenne muscular dystrophy (DMD)' is a muscle pathology characterized by a genetic alteration in Xp2 l locus causing a lack of dystrophin expression (1) (2) (3) (4) (5) (6) (7) (8) (9) . This protein has been localized under the sarcolemma and may be involved in main- 1. Abbreviations used in this paper: DMD, Duchenne muscular dystrophy; HLA, human leukocyte antigen; RT-PCR, reverse transcription PCR; TA, tibialis anterior. taining the integrity of the muscle membrane (4, (10) (11) (12) (13) . The mdx mice possess a genetic alteration in the same locus, causing an absence of dystrophin expression (3, 5, 7, 9) . Thus, this is a good biochemical model for DMD. Myoblast transplantation is one possible strategy to restore dystrophin in DMD patients. Several reports showed this procedure restored dystrophin in mdx mice ( 14-2 1 ) . Other studies suggested that myoblast transplantation also improved the physiology and structure of dystrophic mouse (dy2j/dy21) injected muscles (22) . The highest percentage ofdystrophin positive fibers after myoblast transplantation was obtained by Partridge team in immunodeficient nude mdx mice ( 17) , suggesting that the immune system interferes with the process. Our results demonstrated that human myoblasts transplanted in mdx mice that were not adequately immunosuppressed triggered an immune reaction that led to myoblast rejection. In several of these mdx mice, humoral and cellular immune reactions were induced by human myoblast transplantation ( 14) .
Several research groups have performed myoblast transplantations in DMD patients with little success (23) (24) (25) (26) (27) , likely caused by the same type of immune system interference found in mdx mice. Even when immunosuppressive treatments were used (cyclosporine A or cyclophosphamide), the success of myoblast transplantation in DMD patients was limited (23, 25, 26) . In our laboratory, we have transplanted nine DMD patients using immunocompatible donors for the HLA class I and II Dr. After such myoblast transplantations, several DMD patients expressed dystrophin in the injected skeletal muscle, and some presented an increase of strength that decayed over time (probably because of a slow rejection process) (24, 27) . Our results suggest that the humoral immune reaction is directed against dystrophin and its associated proteins, as well as other unknown antigens (28) .
The purpose of the present study was to evaluate the regenerative capacity of human myoblast clones in animals with compromised immune systems (SCID and nude mice). This study also aims to verify whether clones of human myoblasts that have been intensively proliferated in vitro can form mature muscle fibers.
Methods
Animals. The animals used in these experiments are the immunodeficient BALB/C SCID (Jackson Lab, Bar Harbor, ME) and CDl nude mice (Charles River Canada, Montreal, Canada). 10 SCID and 10 nude mice -1 mo old were used. This work was authorized and supervised by Laval University Animal Care Committee and was conducted in accordance to the guidelines set by the Canadian Council of Animal Care.
Preparation ofhuman myoblasts. Human myoblasts were obtained from a postmortem biopsy. The procedure of myoblast cloning was previously described (29) . Briefly, the clones are obtained by limiting dilution. After the cell proliferation of up to 1 million myoblasts per clone, a sample of -100,000 cells was tested by flowcytometry to verify the presence of neural cell adhesion molecule. Only the clones that were more than 95% neural cell adhesion molecule positive were considered myoblast clones and kept for transplantation. A pool of 20 human myoblast clones, each containing more than 1 million cells, was constituted and further expended in a proliferating medium MCDB 120 (29, 30) 4 d before transplantation. More than 200 million myoblasts were produced from this pool. The day of transplantation, the myoblasts were detached with 0.1% trypsin and washed several times in HBSS. Pellets of human myoblasts were obtained by centrifugation. Each pellet containing -10 million myoblasts was resuspended in 10 Al of PBS.
Myoblast transplantation. 4 d before transplantation, the left posterior leg of each mouse was irradiated with 20 grays of gamma rays to block proliferation of endogenous myogenic cells. 3 d later, the tibialis anterior (TA) of the irradiated leg was destroyed with 10 ,g of snake venom (notexin) at a concentration of 10 tig/ml. This toxin specifically damages muscle fibers (31 ) . The next day, -5 million human myoblasts were transplanted in 8-10 sites of this TA. 5 million human myoblasts were reinjected in the same muscle 10 d later. The injection of myoblasts was done using a disposable micropipette (Wiretrol, 10 01; Drummond Scientific Co., Broomall, PA). This small glass micropipette was pulled with a pipette puller and the tip was broken at -70-90ttm.
Muscle biopsy and dystrophin detection by immunohistochemistry. 10 or 30 d after the first transplantation, these mice were perfused with 0.9% NaCl under deep anesthesia produced by 0.05 ml of 10 mg/ml ketamine and 10 mg/ml xylasine. The blood and the tibialis anterior muscles were kept for analysis. The blood was centrifuged and the serum was kept at -20'C for cytofluorometric analysis. The muscles were frozen in liquid nitrogen. Serial 8-gm cryostat sections were obtained throughout the muscles, and human dystrophin was detected at every 10 sections by an immunoperoxidase technique using the NCLDys3 monoclonal antibody (32) . The sections were incubated 2 h with NCLDys3 (dilution 1/40; Novocastra, New Castle Upon Tyne, United Kingdom). After rinses, the sections were incubated with a rabbit antimouse antibody coupled with peroxidase (Dako, Glostrup, Denmark). The peroxidase activity was revealed with diaminobenzidine (0.5 mg/ml) and hydrogen peroxide (0.0 15%).
Dystrophin detection by PCR. The presence of human dystrophin in a myoblast/myotube culture obtained from a biopsy of a myoblastinjected muscle was detected by PCR. RNA was extracted using the method of Chomczynski and Sacchi (33). A sample of 500 ng of RNA was amplified using the primers DMD2a and DMD2b described by Roberts et al. ( 34) . Primer DMD2a corresponds to nucleotides 1091-11 1 1 of human dystrophin mRNA (seq. 5' to 3': CGATTCAAGAGC-TATGCCTAC). Primers DMD2b corresponds to nucleotides 2399-2419 (seq. 5' to 3': GCGAGTAATCCAGCTGTGAAG). These primers amplify exons 9-18 (nucleotides number 1091-2419) of human dystrophin, but we found that they did not amplify mouse dystrophin. The amplification was performed as described by Roberts et al. (34) .
Detection ofHLA class 1. HLA class 1 antigens were detected using a monoclonal antibody (W6/32; American Type Culture Collection, Rockville, MD) conjugated with FITC. The muscle sections were incubated for I h with a blocking solution containing 3% rabbit, 3% calf, and 3% horse sera. After a rinse in 0.1 M phosphate buffer, pH 7.4, containing 0.45% sodium chloride, these sections were incubated with the W6/ 32 antibody ( 1/40) with 1% blocking serum for 1 h. These specimens were observed with an epifluorescence microscope after several rinses in PBS.
Detection of mouse antibodies against human myoblasts. Blood was collected when the recipient animals were killed. The presence of antibodies against the human myoblasts was evaluated by cytofluorometric analysis. This analysis was done as follows: (a) Human myoblast suspensions (2 x 10 5 cells) were washed in PBS and resuspended in 40 gl of PBS and 20 qI of the mouse serum was added. (b) After incubation at room temperature for 30 min, the cells were washed in 4 ml of PBS, and the cell pellet was resuspended in 100 ,ul of 1:20 dilution of FITC-conjugated anti-mouse IgG (Coulter Immunology Hialeah, FL). (c) The cells were incubated for an additional 30 min at 40C and washed in PBS solution. (d) The cells were then immediately analyzed for the percentage offluorescence with cytofluorometer (Epics; Coulter Corp.) operated at 488 nm. Detection ofdesmin by immunofluorescence. The sections were incubated overnight with a mouse monoclonal antibody against human desmin (Dako) dilution 1/75 in PBS with 1% blocking serum (a mixture of horse, rabbit, and calf serum). After three rinses in PBS, the sections were incubated with a rabbit antimouse antibody coupled to FITC (dilution 1 / 100; Dako).
Results
Regeneration in SCID muscles. The TA muscles of SCID and nude mice were destructed with notexin and irradiated to prevent regeneration. They were then injected with -5 million human myoblasts. In initial preliminary experiments, the animals were killed 10 d after the transplantation. The presence of human dystrophin was detected on cryostat sections throughout the injected SCID muscles using a monoclonal antibody specific for human dystrophin (NCLDys3) (32) . Although the contralateral noninjected muscles contained mouse dystrophin, they were always completely devoid of immunoreactivity, showing the high specificity of antibody against human dystrophin ( Fig. 1 a) .
The tibialis anterior of SCID mice, which had been previously irradiated, destroyed with notexin, and injected with human myoblasts, expressed the human dystrophin in several muscle fibers ( Fig. 1, b and c). In these injected muscles, the diameter of human dystrophin positive muscle fibers was not uniform and several injected muscles contained a lot of small muscle fibers expressing human dystrophin. Such results may indicate ongoing muscle regeneration. Most of the animals in the present experience were, therefore, killed at a longer interval (30 d) after the myoblast transplantation. Several areas of some injected muscles were still devoid of muscle fibers and, instead, contained connective and adipose tissues ( Fig. 2 a) . The number of human dystrophin positive and human dystrophin negative fibers were counted in myoblast injected and control muscles for the animals killed at 30 d after the first of two myoblast injections (Table I) . (It should be noted that in the contralateral control muscle, the number of human dystrophin positive fibers in always zero because of the specificity of the antibody.) The diameter of the myoblast injected muscle is always less than that of the control muscle for several reasons: (a) The total number of muscle fibers is -30% of that of a normal muscle; (b) the diameter ofthese fibers is reduced; and (c) the muscle was taken only 30 d after the first myoblast injection. In other areas, muscle fiber diameter varied greatly showing that muscle regeneration may continue even 1 mo after transplantation (Fig. 2, b and c). However, in several SCID mouse muscles, > 90% of fibers contained human dystrophin. These more advanced regenerations were obtained when the TA muscle was injected with human myoblasts at several sites, and when the same muscle was again destroyed with notexin and reinjected with human myoblasts 1 wk later (Fig. 2 d) .
Presence of NMJs on regenerated fibers. Fig. 3 illustrates several injected muscles of SCID mice at high magnification. The intensity of the human dystrophin immunoreaction was not uniform (Fig. 3, a-d ). While human dystrophin was uniformly present in the sarcolemma of a most muscle fibers, in some muscle fibers a part of the membrane perimeter con-Human Myoblast Transplantation in SCID Mice 587 a p'l:) .C) b~g|f~K9< 1'" ; ¶_t t S i z ;
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tained a higher concentration of human dystrophin ( Fig. 3 c) . There was a more intense desmin immunoreactivity at the site of dystrophin accumulation (Fig. 4 , a and b). Less efficient regeneration in nude mice. The same clones ofhuman myoblasts were also transplanted in nude rather than SCID mice. This also produced several muscle fibers express- ing human dystrophin. However, in nude mice, the injection of human myoblasts never produced a very high percentage of muscle fibers expressing human dystrophin (Fig. 5 , a and c, and Table I ). The noninjected nude and SCID muscles were devoid of immunostaining for human dystrophin (Fig. 5, b The total number of muscle fibers in a cross-section of the TA muscle were counted. The number of muscle fibers expressing human dystrophin was also counted and expressed as a percent of the total number of fibers. The presence in the recipients' sera of antibodies against the donors' myoblasts was determined by flow cytometry.
The sera of the nude and SCID mice were kept to check for antibodies against the human myoblasts by cytofluorometry. None ofthe SCID mice had such antibodies. However, two out of five nude mice did (Table I) .
Fate of human myoblasts. The fate of human myoblasts was monitored by a monoclonal antibody (W6/32) against human leukocyte antigens (HLA) class 1. Cryostat sections of untreated SCID mouse muscles were completely devoid of immunoreactivity for HLA class 1 (Fig. 6 a) . The same was true for nude mice (not illustrated). However, in SCID mice injected with human myoblasts, the muscles that had a high percentage of muscle fibers containing human dystrophin also contained many small cells immunoreactive for the HLA class I (Fig. 6 b) . These small HLA-positive cells were distributed between muscle fibers in the myoblast injected region or tightly associated with these fibers (Fig. 6, b and d) . However, when the injected muscle was less regenerated (i.e., the muscle fibers containing human dystrophin were still dispersed in fat and connective tissue), all fibers expressing human dystrophin (Fig. 7 , a-c) also expressed HLA class 1 (Fig. 7, b-d ). The HLA immunolabeling was then uniformly distributed on the sarcolemma of immature muscle fibers (Figs. 6 c and 7 b-d). There were also a few small cells expressing HLA class 1, but not expressing human dystrophin (Fig. 7, b-d) . These small cells are myoblasts or small myotubes. Pieces of the transplanted muscles were dissociated with trypsin and collagenase, and the dissociated cells were placed in culture. The cells were proliferated > 10,000-fold. They were then trypsinised, incubated with an antibody (W6/ 32) against human HLA class 1, and found by flowcytometry to be 98% HLA positive (Fig. 8  b) . Myotubes were also present in these cultures obtained from transplanted muscles. The presence of human dystrophin mRNA was demonstrated by PCR amplification using primers specific for human dystrophin (Fig. 8 a) . These human specific primers (primers DMD 2a and DMD 2b) were identified by trying to amplify mouse dystrophin mRNA with each ofthe 24 pairs of primers described by Roberts et al. (34) . Primers DMD 2a and DMD 2b were completely unable to amplify mouse dystrophin, but amplified human dystrophin present in the culture made from mouse muscles transplanted with human myoblasts.
Presence ofhybrid (human-mouse) musclefibers. To verify whether the regenerated muscle fibers that contained human dystrophin were formed by the fusion of(a) human myoblasts with partially degenerated mouse fibers or (b) human myoblasts with one another, human dystrophin and mouse MHC class I antigen (i.e., H2d in BALB/c mice) were localized in adjacent sections. There were a few hybrid muscle fibers that expressed both antigens (Fig. 9, a and b ). However, several muscle fibers containing human dystrophin did not express the mouse MHC antigen (Fig. 9, c and d ).
Discussion
In absence of immunological problem, transplanted myoblasts participate to muscle regeneration in SCID mice. The transplantation of human myoblasts in immunodeficient SCID mice allowed us to demonstrate the efficacy ofthis treatment in the absence of immunological problems. The transplantation success was analyzed by the presence of human dystrophin in injected muscles with the NCLDys3 antibody and by detection of the cells expressing HLA class 1 with the W6/32 antibody. The muscles of immunodeficient mice were irradiated 4 d before the myoblast injection to reduce the proliferation ofendogenous myogenic cells ( 17, 25) . Moreover, the muscle was also injected with notexin 1 d before myoblast transplantation to damage muscle fibers and trigger regeneration (31) . These treatments allowed us to reproduce a DMD-like muscle containing degenerating muscle fibers with a poor autologous regenerative capacity. After such treatments, muscles that were not transplanted with myoblasts decreased in diameter, and the muscle fibers were rapidly replaced (2 wk) by fat and connective tissue. However, after myoblast transplantation, fat and connective tissue were far less abundant in the best regenerated muscle and > 90% of muscle fibers contained human dystrophin, while muscle diameter reduced to -30% of that of normal muscles. It should be emphasized that these results were obtained only 1 mo after the myoblast transplantation. At that time, the muscle still contained many small muscle fibers, which suggests that the regeneration process was still ongoing. These small muscle fibers will presumably increase their diame- SCID. The cytofluorometry analysis revealed a complete absence of antibodies against human myoblasts in these SCID mice.
In nude mice, the participation ofhuman myoblast to muscle regeneration is less important. Our previous experiments have shown that when human myoblast clones were transplanted in immunocompetent mdx mice without immunosuppression they did not participate to muscle regeneration ( 14) . There was only a small muscle regeneration when the mice were treated with cyclosporine and/or antilymphocyte serum. However, in the present experiments, as well as in previous experiments ( 14, 32) , injection of a pool of human myoblast clones in muscles ofnude mice produced some muscle regeneration. Indeed, several muscle fibers expressing human dystrophin were observed in the nude muscles 1 mo after transplantation. However, in two out of five nude mice, antibodies against the human myoblasts were detected by flowcytometry. This is one evidence of an immune reaction that could be responsible for the lack of complete muscle regeneration in nude mice. Nude mice are athymic animals. This absence of thymus prevents the maturation of T lymphocytes and, therefore, cellular immune reaction. However, nude mice have mature B lymphocytes and are able to sometimes develop a humoral immune reaction that may reduce the efficacy of myoblast transplantation in these mice. This may account for the difficulty that Dr. Partridge's group had obtaining a high level of muscle regeneration even in nude/mdx mice ( 19, 20) .
Muscle regeneration is better with several myoblast injections. When injected into notexin-destroyed and irradiated SCID mouse muscles, human myoblasts from the same pool of clones participated more in muscle regeneration (Fig. 1 ) than in nude mice. Their degree ofparticipation to muscle regeneration varied, although all animals were injected with the same pool of human myoblasts and killed after the same delay. This regeneration variability in SCID mice was partly associated with variations in the damage produced by notexin or the variability of the myoblast injections. However, it was clear that when a muscle was injected only one time at only one site, the degree of muscle regeneration was low, with the fibers containing human dystrophin localized at the injection site still separated by fat and connective tissue 1 mo after myoblast injection. In these muscles, the diameter of the muscle fibers was variable. When the muscle was injected two times with myoblasts at several sites, the muscle regeneration was near complete, there was less fat and connective tissue, and > 90% ofthe muscle fibers expressed human dystrophin.
Regenerating muscles: expression ofHLA on musclefibers.
When an injected muscle was still regenerating (i.e., presence of fat and muscle fibers of variable size), several muscle fibers expressing human dystrophin on their membranes also ex- pressed HLA class 1 on their membranes. HLA class 1 has been previously reported to be present on muscle fibers during muscle regeneration and inflammatory process (35, 36) . The high correlation between the presence of HLA class 1 and human dystrophin ( Fig. 6 ) on muscle fibers is additional proof that these muscle fibers are produced by the fusion of human myoblasts. A few small profiles expressed the HLA class 1 but did not express human dystrophin. These profiles could be myoblasts or small myotubes. If they are myotubes, this suggests that HLA class 1 is expressed on the membrane before dystrophin or that HLA has a larger nuclear domain than dystrophin.
It is important to note that detection ofHLA permits to follow the fate of injected human myoblasts in mice.
In more completely regenerated muscle parts, HLA is expressed only in small cells. In some parts of a muscle that appeared more completely regenerated by the myoblast transplantations, although most of the muscle fibers expressed human dystrophin in their membranes, they did not express HLA class 1. It is well known that HLA class 1 is not expressed in the membrane of normal mature human muscle fibers (35, 36). Although HLA class 1 was not expressed in the membranes of these muscle fibers, small cells positive for this antigen were present in close apposition with them. These small cells may be human myoblasts in the process of becoming satellite cells. This possibility is very important for the therapeutic application of myoblast transplantation. The final proof of this interpretation will require the demonstration by electron microscopy that the HLA-positive cells are located between the sarcolemma and the basal lamina. However, our experiments have clearly shown that human myoblasts can proliferate from a biopsy of a myoblast-injected muscle. The small HLA-positive cells present in muscle sections and biopsy cultures cannot be human fibroblasts because human myoblast clones (expressing the NCAM antigen not present on fibroblasts) were injected. Moreover, the cells present in muscle biopsy culture formed small myotubes expressing human dystrophin identified by PCR. Possible hybrid musclefibers. The colocalization ofhuman dystrophin and mouse MHC antigen in only a few muscle fibers indicates that only a few regenerated muscle fibers are hybrid. Most of the muscle fibers expressing human dystrophin, therefore, result from the fusion of human myoblasts with each other. The hybrid muscle fibers may be formed by the fusion of human myoblasts with mouse fibers that have survived notexin treatment.
Presence of neuromuscular junctions. Some muscle fibers expressed dystrophin more strongly in a small segment oftheir sarcolemma. Such accumulation ofdystrophin has been shown by us and others to be the site of(a) cholinergic receptor accumulation, (b) high cholinesterase activity, and (c) desmin accumulation. These sites have, therefore, been interpreted as neuromuscular junctions (37) (38) (39) (40) . Therefore, we conclude the muscle fibers resulting from human myoblast transplantation are mature enough to be innervated. verse mutation in the mdx mice (41) , since the dystrophin produced by the reverse mutation cannot be distinguished from the dystrophin produced by the transplanted normal mouse myoblasts. In our results, given the high specificity of the NCLDys3 monoclonal antibody for human dystrophin (32) , it is absolutely sure that the muscle fibers containing human dystrophin are produced by the transplanted myoblasts. These results clearly show that myoblast transplantation in immunodeficient mice is a good treatment to regenerate muscle fibers in a damaged muscle that has little or no endogenous regenerative capacity. Further investigations are underway to obtain similar results in mdx mice treated with an adequate sustained immunosuppression. Intense proliferation of myoblasts does not produce rabdomyosarcoma. It is also clear from our results that long-term culture of human myoblasts does not result in a loss of their ability to differentiate and form myofibers. Recently, some concern has been raised (42, 43) that the intense proliferation of myoblasts in tissue culture could transform the cells, causing tumors. Our laboratory has developed an in vitro test based on proliferation in soft agar to verify whether a myoblast clone is tumorigenic (44) . We have, in the past, observed some suspicious clones growing in soft agar, but we have not yet demonstrated the formation of a rabdomyosarcoma in vivo. In the present series of experiments, a pool of 20 myoblast clones has been used to produce more than 200 million myoblasts for transplantation in nude and SCID mice, we have not observed any evidence of the formation of rhabdomyosarcomas. Such rhabdomyosarcomas were obtained by Wernig et al. (43) using a permanent cell line, not a primary culture.
Our results clearly show that when myoblast transplantations are done in an immunodeficient SCID mice to bypass the immune problems, the transplanted myoblasts largely participate to muscle regeneration. This high level of participation to muscle regeneration was obtained even when each clone of human myoblasts had been grown to produce more than 10 million myoblasts each. Both observations support the potential treatment of DMD patients with myoblast injections.
